In a recent paper, 2) we demonstrated the biological effects, such as growth inhibition and mutagenesis in Escherichia coli, of dihydropyrazines (DHPs). The DHPs revealed single strand-cleavage 3) on the covalently closed circular DNA of plasmid pBR322, especially in the presence of Cu 2ϩ . Since the participation of Cu 2ϩ enhanced the cleaving activity, it is likely that the effects of DHPs on E. coli also would be influenced. Here, we examined the effects of DHPs on E. coli upon the addition of Cu 2ϩ . Pyrazine derivatives have been detected in the urine of humans with diabetes mellitus, 4) which suggests that DHPs, which are precursors of pyrazines, might be involved in diabetes mellitus, although this remains unconfirmed. DHPs also are produced from the accumulation of the heme precursor, 5-aminolevulinic acid (ALA), in lead poisoning and some types of porphyries. 5, 6) We have reported that DHPs induce apoptosis of cultured cells, 7) and, therefore investigated other potential biological effects caused by DHPs. The sugar origin of DHPs and their prevalence in the human body suggests that these compounds may be involved in various internal injuries in vivo.
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Synthesis of DHPs
The DHPs ( Fig. 1) were synthesized by condensation of diketones and diamines. 2,3-Dihydro-5,6-dimethylpyrazine (DHP-1), 2,3-dihydro-2,5,6-trimethylpyrazine (DHP-2), and 3-hydro-2,2,5,6-tetramethylpyrazine (DHP-3) were prepared by the method of Yamaguchi et al. Survival Assay E. coli cultured overnight were diluted 100-fold in fresh LB medium and grown at 37°C until the OD 600 was approximately 0.1. Cells were challenged with DHPs for 1 h, incubated with shaking at 37°C, plated on LB agar, and incubated overnight at 37°C. Survival rates were calculated as the percentage of cells surviving after challenge by DHP-1, DHP-2 or DHP-3. All experiments were conducted at least four times.
3)

Bacterial Strains
Enzymes and Chemicals Bovine erythrocyte superoxide dismutase (5000 units/mg), bovine liver catalase (11500 units/mg), dimethyl sulfoxide (DMSO), and 2-mercaptoethylamine hydrochloride (MEA) were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
RESULTS
The effect of DHPs in the presence of Cu 2ϩ was examined through the measurement of the E. coli viability. A wild-type strain, recA, and uvrB strain were incubated with or without Cu 2ϩ using three DHP types as shown in Fig. 1 , which revealed in vitro DNA strand-cleaving activity of the order DHP-3ϾDHP-2ϾDHP-1.
3) As shown in Fig. 2 , the effect of DHPs in all strains of E. coli was accelerated greatly by addition of Cu 2ϩ . This is definitive evidence that the recA and uvrB strains possess greater sensitivity to DHPs upon addition of Cu 2ϩ compared to the wild-type strain. The effect in the recA strain was obvious, even without Cu 2ϩ . Therefore, this effect on E. coli must involve specific DNA damage caused by radical species generated by the DHPs. To confirm participation of radical species, mutant strains of the scavenging enzyme genes katG, katE, and sodA sodB were employed to examine the effect on E. coli survival. These mutant strains were exposed to various concentrations of DHPs with or without Cu 2ϩ . Figure 3 shows that the lethal effect in mutants deficient in radical scavenging enzyme was accelerated by addition of Cu 2ϩ . These were a series of experiment, thus the data on wild-type is presented in Fig. 2 . The catalase-deficient strains (katE and katG) and SOD-deficient strain (sodA sodB) were particular sensitive compared to the wild-type strain upon addition of Cu 2ϩ . Moreover, the SOD-deficient strain was affected more strongly than were the catalase-deficient strains, suggesting that hydroxyl radical (· OH) and superoxide anion (· O 2 Ϫ ) were involved in the lethal effect of DHPs on E. coli. Consequently, the effect of radical scavengers was examined. The wild-type strain was incubated with the radical scavengers or the detoxifying enzymes. The mutant strain sensitive to radical species was not tested. Table 1 shows that survival rate recovered only upon treatment of 2-mercaptoethylamine hydrochloride (MEA), which is known to scavenge not only active oxygen radicals but also carbon-centered radicals (C-radicals).
3) Scavengers of · OH, such as dimethyl sulfoxide (DMSO), catalase, and superoxide dismutase (SOD) (which cause disproportionation of (· O 2 Ϫ to yield H 2 O 2 ), had no effect. The role of Cu 2ϩ has been outlined in a previous paper. -chelator. Figure 4 shows that survival rate recovered dramatically upon addition of bathocuproine.
To examine the ability of metals such as Cu , and Fe 3ϩ to influence the lethal effect of DHPs, the wild-type strain was incubated in the presence of each metal. Table 2 shows that the lethal effect of the DHPs was influenced by Cu 1ϩ in a manner similar to that of Cu 2ϩ ; however, Fe 3ϩ affected the lethal effect of DHP-3 only slightly.
DISCUSSION
The lethal effect of DHPs on E. coli was accelerated upon AB1157 (wt) cells in the exponential growth phase were challenged with 10 mM DHP-1, DHP-2, or DHP-3 in 200 mg/ml SOD, 200 mg/ml catalase, 1 M DMSO, or 20 mM MEA in the presence of 1 mM Cu 2ϩ at 37°C for 1 h. Cells were then diluted in M9 and plated on LB agar. The survival fraction is the average of at least four independent experiments with standard errors.
Fig. 2. Survival Rate of E. coli Mutants Exposed to DHPs
The exponential growth of AB1157 (wt), AB1157 (recA), and AB1157 (uvrB) strains were challenged with various concentrations of DHP-1, DHP-2, or DHP-3 at 37°C for 1 h. Cells were then diluted in M9 and plated on LB agar followed by addition of 1 mM Cu , likely due to radical species generated from DHPs similar to the DNA strand-cleaving reaction in vitro. The data indicated the radical species were · OH, · O 2 Ϫ and carbon-centered radicals.
Addition of Cu 2ϩ generates radicals by Cu 2ϩ extraction of an electron from DHPs, causing damage to the DNA by the attack of radicals. These results explain a phenomenon reported previously. 2) We have shown that three reactions progress in the presence of DHPs and Cu . An increase in survival rate was obvious upon addition of bathocuproine as shown in Fig. 4 , reactions (1) and (2) proceeded to produce minimal amounts of · O 2 Ϫ , which was generated at the first stage of DHP auto-oxidation in O 2 -containing aqueous solutions and was changed into · OH via H 2 O 2 , and Cradical. In the presence of Cu 2ϩ , however, reaction (2) was accelerated by extraction of an electron from DHPs, producing C-radicals. This theory agrees well with ESR data (Fig. 2) . 8) In the recA strain, the lethal effect of DHPs was observed even without Cu 2ϩ . Two DNA repair-deficient mutant strains, the recA and uvrB strains, possessed higher sensitivity to DHPs upon addition of Cu 2ϩ compared to the wild-type strain (Fig. 2) . Therefore, the lethal effect of DHPs in E. coli are likely due to chromosomal DNA damage. The RecA protein is required for homologous recombination 10) and also induces the SOS system: in response to a stalled DNA replication fork. We have previously reported that the sensitivity of the recA mutant strain to DHPs was been due to the lack of DNA recombination rather than SOS induction.
2) The uvrB gene codes UvrB protein, a subunit of the UvrABC endonuclease that plays a role in nucleotide excision repair of various types of DNA lesions: UvrA dimmer and UvrB monomer form a complex and initially recognize DNA damage, including oxidative DNA damage, abasic sites, and bulky adducts. 11, 12) Since, the recA strain showed higher sensitivity than the uvrB strain did (Fig. 2) , DHP-induced DNA damage could be suppressed by homologous recombination, even if there is defect in nucleotide excision repair. It is suggesting that homologous recombination might more effectively restore DHP-induced DNA damage than nucleotide excision repair did.
The catalase-and SOD-deficient strains were very sensitive to addition of Cu 2ϩ compared to the wild-type strain as shown in Figs. 2 and 3 , suggesting the participation of · OH and · O 2 Ϫ in the lethal effect of DHPs. In contrast, addition of radical scavengers resulted in high survival rate recovery only in the case of MEA; a mild effect was observed in other radical scavengers such as DMSO and catalase. SOD did not produce a recovery in survival rate (Table 1) . This result conflicts with before mentioned data in the part of results, indicating the participation of · OH and · O 2 Ϫ . However, the discrepancy may be related to mutagenesis in E. coli. Although the detail should be published in a following paper, 13) the base pair substitutions G:C to A:T and G:C to T:A affected the action of DHPs, indicating that DHPs enter the nucleoid and generate radicals in situ that attack local DNA strands. This explains the inability of catalase and SOD to act normally, because these enzymes do not penetrate the cell membrane. The lack of effect of DMSO is similar to a case presented previously.
3) The high recovery of survival rate by MEA indicated that the main reactive species is a C-radical, 8) supported by (OH and · O 2
Ϫ
. The participation of · O 2 Ϫ in the effect of DHPs is a new observation. The direct action of · O 2 Ϫ was detected only in the case employing the SOD-deficient strain. SOD had no effect in the DNA strandcleaving reaction in vitro and the · O 2 Ϫ signal also has not been detected in ESR spectrum. Thus, the mechanism of the action of · O 2 Ϫ should be clarified. The characteristics of DHPs in vivo may be significant in the prevention of disease. However, further work is needed to elucidate the mechanism of action of DHPs. , or Fe 3ϩ at 37°C for 1 h. Cells were then diluted in M9 and plated on LB agar. The survival fraction is the average of at least four independent experiments with standard errors. The exponential growth of E. coli AB1157 (wt) was challenged with 10 mM DHP-1, DHP-2, or DHP-3 in the presence of 1 mM Cu 2ϩ at 37°C for 1 h. Cells were then diluted in M9 and plated on LB agar. The concentration of bathocuproine added was 2 mM. Data points reflect the average of at least four independent experiments.
